Introduction
Hydrogen peroxide (H2O2) is a very important intermediate or product in numerous biochemical reactions of biological processes, such as the oxidation of glucose and cholesterol. 1 The detection of H2O2 is the basis of biologically detecting these active materials. Thus, the accurate determination of H2O2 is of great important in many fields, such as industry, clinical control, environmental protection and biochemistry. The development of a rapid and sensitive method for sensing H2O2 is of great significance for numerous processes. Many analytical methods, such as titrimetry, 2 chemiluminescence, 3 spectrophotometry, 4 and electrochemistry, 5 have been employed for this purpose. Among these, electrochemical detection is one of the promising approaches. Especially, an amperometric biosensor is attractive due to its simplicity and high sensitivity.
It has been reported that proteins containing heme groups, such as hemoglobin, myoglobin and hemin, possess peroxidaselike catalytic activity to the reduction of H2O2 due to the electroactive center of heme, 6, 7 and has also been used for the preparation of H2O2 sensors. 8, 9 Cytochrome c (cyt c) is a very basic redox heme protein, whose main function is to deliver electrons from cyt c reductase to cyt c oxidase. It is very important to study the electrochemistry of cyt c. However, electron transfer between heme and bare electrodes is usually slow, and the protein is irreversibly denatured. 10 Thus, it is necessary to search for a way to develop a heme-modified electrode with well-behaved electrochemistry and good stability.
In our previous work, we developed a new type of binary selfassembled monolayers (SAMs) composed of 5-(1,2-dithiolan-3-yl)valeric acid (thioctic acid, T-COOH) and 5-(1,2-dithiolan-3-yl)valeramide (thioctic acid amide, T-NH2) to modify a gold electrode.
11
This binary SAMs is superior for immobilizing cyt c. T-COOH and T-NH2, with disulfide-containing bases, and has distinct advantages for gold electrode modification. The disulfide-containing base yields two gold-sulfur bonds, and gives additional stability, compared with the single gold-sulfur bond formed by alkanethiols with a gold surface. 12, 13 Furthermore, the components of the terminal groups of the SAMs composed of T-COOH/T-NH2, carboxyl and amino, match the residual groups (-NH2 and -COOH) of protein, making the interaction between the SAMs and cyt c strong and the amount of adsorbed cyt c increase, due to the electrostatic interaction and steric effect between SAMs and cyt c.
In our study, cyt c was chosen as the redox protein, and we continued our investigation on actual applications. The results suggested that the immobilized cyt c showed a good electrocatalytic activity to the reduction of H2O2, and thus it could be used as a sensitive reagentless biosensor for H2O2.
Experimental

Reagents and chemicals
Horse heart cyt c, obtained from Sigma, was used without further purified. 5-(1,2-Dithiolan-3-yl)valeric acid (thioctic acid, T-COOH) and 5-(1,2-dithiolan-3-yl)valeramide (thioctic acid amide, T-NH2), obtained from Aldrich Chemical Co. Inc., was dissolved in anhydrous ethanol. Potassium ferricyanide and hydrogen peroxide (30%, w/v solution) were purchased from Wako Pure Chemical, Co. Ltd., and used as received. The exact concentration of H2O2 was obtained by titration with a standard potassium permanganate solution. Other chemicals were of analytical reagent grade.
Phosphate buffer solutions (PBS) were prepared from A sensitive sensor for the determination of hydrogen peroxide (H2O2) was fabricated by immobilizing cytochrome c (cyt c) on binary self-assembled monolayers (SAMs) of 5-(1,2-dithiolan-3-yl)valeric acid (thioctic acid, T-COOH) and 5-(1,2-dithiolan-3-yl)valeramide (thioctic acid amide, T-NH2) on gold electrodes. The electrochemical characteristics of immobilized cyt c were investigated by cyclic voltammetry, electrochemical impedance spectroscopy and chronoamperometry. The modified electrode showed good electrocatalytic activity towards the reduction of H2O2. The catalytic current is linear with the H2O2 concentration ranging from 10.0 to 300 mM with a correlation coefficient of 0.9996. The apparent Michaelis-Menten constant (Km app ) was found to be 619 mM. The sensor achieved 95% of the steady-state current within 10 s, exhibiting high sensitivity (1.7 nA mM -1 cm -2 ). Hz under open-circuit potential conditions. In amperometric experiments, the current-time data were recorded by applying a potential of -150 mV on a stirred cell after a constant residual current had been established and a H2O2 solution was successively added into the buffer solution.
Apparatus
Cyclic voltammetry (CV) was carried out using a computercontrolled electrochemical workstation at ambient temperature (23 ± 2˚C), and amperometric measurements were obtained by using a potentiostat/galvanostat combined with an arbitrary function generator (HOKUTO DENKO) and an x-y recorder. EIS measurements were performed using a computer-controlled CHI 750C electrochemical analyzer (CH Instruments, Chenhua Co., Shanghai, China).
A conventional three-electrode system was used. The working electrode was a cyt c/T-COOH/T-NH2/Au electrode, and the reference electrode was an Ag/AgCl. The counter electrode was a platinum wire.
Preparation of modified electrode
The gold disk electrodes (2 mmf) were carefully polished, first with emery paper (No. 2500), and then with 0.05 mm alumina slurry on microcloth pads. After removing the trace alumina from the surface by rinsing with water, the electrodes were ultrasonicated for 10 min in a fresh Piranha solution (H2SO4:H2O2 = 3:1 (v/v)). Warning: Piranha solution reacts violently with organic solvents. The electrodes were then ultrasonicated in water, acetone, and water again for 5 min, respectively. After being rinsed with water and dried in a nitrogen gas flow, the electrodes were incubated in a 10 mM anhydrous ethanol solution of T-COOH and T-NH2 at 4˚C for about 48 h. The modified electrodes were rinsed in turn with ethanol and 4 mM PBS (pH 7.0), to remove any physically adsorbed T-COOH and T-NH2. The electrodes modified with binary SAMs of T-COOH and T-NH2 are denoted as T-COOH/ T-NH2/Au in the text.
Results and Discussion
Electrochemical impedance characterization of cyt c immobilized on binary SAMs
EIS was used to monitor the impedance changes of the electrode surface during the assembly process. The semicircle part of EIS corresponds to the electron-transfer limited process, which controls the electron-transfer kinetics of the redox probe at the electrode interface. The linear part corresponds to the diffusion process. In this paper, electrochemical impedance studies of the bare and modified gold electrodes were performed, the results are shown in Fig. 1 . At a bare gold electrode, only a very small semicircle could be observed, showing a low transfer resistance ( Fig. 1 (inset) ). For a T-COOH/T-NH2 (3:2) modified electrode, the diameter of the semicircle increased greatly (Fig. 1(a) ), implying that T-COOH/ T-NH2 obstructs electron transfer of the redox probe. The ). After the adsorption of cyt c, positively charged at pH 7.0, the interfacial resistance decreased (Figs. 1(b), 1(c) ), which is similar to previous reports. [14] [15] [16] With increasing the adsorption of cyt c (as the cyclic scan numbers increase), the interfacial electron-transfer resistance became smaller and smaller. As shown in Fig. 1 , after 10 cyclic scans were preformed, the interfacial resistance reached curve b. When the cyclic scan numbers were 20 cycles, interfacial resistance reached curve c. When the cyclic potential scan was more than 20 cycles (at this time, a stable CV curve was obtained in a cyt c solution), the interfacial resistance remained unchanged (here not shown), indicating that the adsorption of cyt c on the SAMs modified electrode reached a saturated state. 17 These results demonstrated that the interaction between the redox probe and the electrode surface was enhanced, and the penetration of the ferricyanide/ ferrocyanide redox species increased along with the adsorbing cyt c increase, which is ascribed to a decrease of the electrode surface negative charges due to cyt c adsorbing on the SAMs.
Cyclic voltammetry characterization of cyt c immobilized on binary SAMs
The cyclic voltammetry of hexacyanoferrate is also an effective tool for studying the barrier of the modified electrode. Therefore, it was used as a redox couple to investigate changes of the electrode behavior during the assembly process of the electrode. Figure 2 shows cyclic voltammograms of differently modified electrodes in a hexacyanoferrate solution (1 mM [Fe(CN)6] 3-/[Fe(CN)6] 4-in 0.1 M PBS, pH 7.0). The bare gold electrode showed a well-defined faradaic response, which is the characteristic of a diffusion-limited redox process ( Fig. 2(a) ). In contrast, no peak current was observed at the electrode prepared with T-COOH and T-NH2, which showed effective blocking for this redox couple (Fig. 2(b) ). After cyt c was assembled on the binary monolayer-modified electrode, the current increased again, as shown in Fig. 2(c) . The reasons are the same as those for the EIS. The results of EIS and CV showed that cyt c was successfully immobilized on the binary SAMs.
Electrochemistry of cyt c immobilized on binary SAMs
The electrochemical behavior of immobilized cyt c was investigated by cyclic voltammetry in our previous study. 11 A pair of well-defined quasi-reversible redox peaks occurred. The formal potential, E˚¢, taken as the average of Epc and Epa, was -0.032 V, with DEp, the peak-to-peak potential separation of anodic and cathodic waves, being 0.010 V in 10 mM PBS (pH 7.0) at a scan rate of 40 mV s -1 . The redox peak currents (the ratio of the anodic and cathodic peak currents was close to 1.0) were directly proportional to the potential scan rates at low scan rates.
The surface concentration (G ) and the heterogeneous electrontransfer rate constant (k) of cyt c on the modified gold electrode were 9.2 ¥ 10 -12 mol cm -2 and 15.8 ± 0.6 s -1 .
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Electrocatalytic reduction of H2O2 on cyt c/T-COOH/T-NH2/Au electrode
The electrocatalytic reduction of H2O2 on a cyt c/T-COOH/T-NH2/Au electrode was studied by cyclic voltammetry. Figure 3 shows cyclic votammograms in the presence and absence of H2O2 at different modified electrodes. It can be found that no redox currents were observed at a cyt c free modified gold electrode before or after the addition of H2O2 to 10 mM PBS (pH 7.0), as shown in Figs. 3(a), 3(b) , which demonstrated that the H2O2 can not be directly reduced at the cyt c free modified electrode. This is attributed to the blocking of SAMs to the surface of gold (vide supra and Fig. 2(b) ). In contrast, cyclic voltammograms for a cyt c-immobilized electrode changed along with an increase in the reduction current and a decrease in the oxidation current after the addition of H2O2 (Fig. 3(d) ), compared to that before the addition of H2O2 (Fig. 3(c) ), displaying an electrocatalytic behavior of the cyt c in response to the reduction of H2O2.
The mechanism of catalytic reduction of hydrogen peroxide on a cyt c-modified electrode is probably similar to that of the horseradish peroxidase (HRP) 18 and myoglobin 19 modified electrode due to cyt c containing the same heme group with HRP and myoglobin. The electrocatalytic process for a H2O2-sensing cyt c immobilized electrode can be expressed as Scheme 1.
Upon the addition of H2O2 into the solution, cyt c-Fe(II) was oxidized to its oxidized form, cyt c-Fe(III), and then the cyt cFe(III) was reduced electrochemically at the electrode surface by direct electron transfer.
Amperometric response of the sensor
The amperometric response of H2O2 at different modified electrodes was investigated at an applied potential of -150 mV. The response at a T-COOH/T-NH2/Au (cyt c free) electrode could hardly be observed at an applied potential of -150 mV upon the addition of H2O2, as shown in Fig. 4(a) . In contrast, the response of H2O2 at a cyt c/T-COOH/T-NH2/Au electrode was very obvious (Fig. 4(c) ), indicating that the origin of increased currents resulted from H2O2 electrocatalytic reduction via cyt c. This is interpreted as meaning that cyt c immobilized at the SAMs possesses peroxidase activity, and can reduce H2O2 to H2O. 20 The amperometric response of H2O2 at the cyt c-immobilized electrodes was further investigated at different applied potentials. The current response of H2O2 at the cyt c/T-COOH/T-NH2/Au electrode was not very obvious at an applied potential of +150 mV, as shown in Fig. 5(a) . However, the current response increased as the applied potential changed to a more negative direction from 0 to -150 mV (Figs. 5(b), 5(c) ). The results show that the peroxidase activity of cyt c was high in the cyt c/ T-COOH/T-NH2/Au electrode at a negative applied potential.
The amperometric response of the cyt c/T-COOH/T-NH2/Au with successive additions of 50 mM H2O2 to 10 mM PBS (pH 7.0), at an applied potential of -150 mV is shown in Fig. 6 . Upon the addition of an aliquot of H2O2 to the PBS, the reduction current increased to reach a stable value. The modified electrode achieved 95% of the maximum steady-state current in less than 10 s, which clearly demonstrated that the electrocatalytic response was very fast.
The calibration curve from 10.0 mM to 1.0 mM H2O2 showed a linear response to the H2O2 concentration from 10.0 to 300 mM with a correlation coefficient of 0.9996 (inset in Fig. 6 ). From the slope of 0.054 nA mM where [S] is the concentration of the substrate. The apparent constant, Km app , for adsorbed cyt c was found to be 619 mM, which is smaller than 2.1 mM 24 and 4.8 mM, 25 and is close to 857 mM 26 and 898 mM. 27 Km app approximates the affinity of the enzyme for the substrate. A small Km app implies that cyt c in the modified electrode retains its catalytic activity and exhibits a higher affinity for H2O2.
The effects of common interfering species, ascorbic acid and uric acid, were investigated in the detection of H2O2. Upon the addition of 50 mM H2O2, the amperometric response at an applied potential of -150 mM obviously increased. The sensor electrode gave no response to these reducing acids up to concentrations of 0.4 mM when ascorbic acid and uric acid were added to the solution.
Conclusions
An electrochemical sensor for the detection of H2O2 in PBS was developed in this study. The sensor was based on cyt c immobilization on a novel binary SAMs of T-COOH and T-NH2 modified gold electrodes, which produced a greater improvement in the adsorption and the electrochemical response of cyt c than single-component T-COOH SAMs.
The immobilized cyt c displayed a high affinity and sensitivity to H2O2, which can offer a way to fabricate new mediator-free sensors by immobilizing proteins for the determination of H2O2. The proposed method showed an excellent sensitivity and fast response time for the detection of H2O2 in PBS.
